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RESEARCH MEMORANDUM

PERFORMANCE OF SINGLE-STAGE COMPEESSOR DESIGNED ON BASIS COF
CONSTANT TOTAL ENTHALPY WITH SYMMETRICAL. VELOCITY DIAGRAM
AT ATJ, RADIT AND VELOCITY RATIO OF 0.7 AT ROTOR HUB

By Jack R. Burtt and Robert J. Jackson

SUMMARY

The results of an investigation of the over-gll and stage-element
performance of a single-stage compressor designed for a ratio of inlet
axlal velocity at the rotor hub to tilp speed of 0.7 are presented over
a range of speeds up to 1l30-percent design speed.

The stage, consisting of 19 rotor blades and 20 stator blades with
40 inlet guide vanes, had a hub~-to-tlp radius retio at the rotor inlet
of 0.50 and a rotor tip diemeter of 14 inches. The rotor and stator
blades were of constant chord from hub to tip and had a modified
NACA 65-(12)10 profile.

A pesk pressure ratio of 1.22 was obtained st the deslgn tip speed
(938 ft/ sec) et an equivalent weight flow of 24.0 pounds per second and
an efficiency of 0.87. At 120-percent design speed (tip speed,
1126 ft/sec), 8 peek pressure rgtio of 1.28 was obtained at an effi-
ciency of 0.76 end an equlvaelent welght flow of 27 pounds per second.
For a pressure ratio of 1.21 at e tip speed of 1126 feet per second,
an equivelent weight flow of approximately 30 pounds per second was
obtained at an effliciency of 78 percent. Thls flow corresponds to
28 pounds per second per square foot of frontal area. Beyond a tip
speed of 1126 feet per second, the efficlency dropped sharply and very
little gain was realized in either pressure ratio or weight flow.

The effect of Msch nunmber on peak stage-element efficilency is pre-
sented over & range of rotor relative inlet Mach numbers from approxi-
mately 0.5 to 0.875. The data indicate that a Mach number of sbout 0.8
is the critical value for =2ll the stage elements since efficiency
decreased raplidliy beyond this Mach number,

IRTRODUCTION

The results reported herein are from part of an investigation of
typical exial-flow compressor inlet stages being conducted at the NACA
Lewis leboratory. An anslysis of the effects of basic design varisbles
(reference 1) indicates that the use of a constant-total-enthalpy design
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having symmetrical velocity diagrems et all radil would provide a good
compromise of pressure ratio, mass flow, and tip speed. This flow dis-
tribution was therefore used throughout the present investigation. The
Pirst design investigated had & design ratlo of axial velocity to tip
speed of 0.6 upstream of the rotor at the hub (reference 2). The per-
formance was characterized by high pressure ratic and tip speed.

The date reported herein are from a design having a ratio of axial
velocity at the rotor hub to tip speed of 0.7, which resulted in
reduced wheel speed and pressure ratio but in Ilncreased mass flow.

The compressor, which is completely described in reference 2, hed
a rotor tip diameter of -14 inches and a hub-to-tip radius ratlo of 0.5
at the rotor inlet. The blading consisted of 19 rotor blades, 20 stator
blades, and 40 sheet-metal circular-arc guide  -vanes that provided
the required preroctation. The rotor end stator blades were of constant
chord end had a modified NACA 65-(12)10 campressar-blade profile.

The performesnce of the compressor was investlgated at equivalent
tlp speeds of 469, 704, 938, 1126, and 1219 feet per second correspond-
ing to 50~, 75-, 100-, 120-, and 130-percent design speed, respectively.
This speed range-corresponds to rotor relative inlet Mach numbers of
approximetely 0.5 to 0.875., Flow measurements were made upstream of
the rctor blades and downsbtream of the stator blades for full-stage
performance, Over-all performsnce is presented in terms of adiabatic
tempersture-rise efflicliency and totel-pressure ratio over a weilght-flow
range at each speed. Detalls of stage-element performsnce are given by
plots of element efficiency, pressure ratio, and angles of attack
against welght flow at design and 120-percent design speeds.
Temperature-rise energy addition is plotted ageainst radius for the
range of welght flow at design speed. The effects of Mach number on
peak element efficiencies and the angles of attack corresponding to
these efficlencies are presented.

SYMBOLS

The following symbols are used in this report:

Cy, 1ift coeffielent

AH total enthalpy rise, (ft-1b/slug)
K constant in turning-engle relstion
r radius to blade element, (ft)

u velocity of blede at-radius r, (ft/sec)
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v absolute air velocity, (ft/sec)
VA air velocity relative to rotor, (fi/sec)
W weight flow, (1b/sec)

Wy weight flow cofreéféd to standard sea-level pressure and
tempersture, (1b/sec)

a angle of attack, (deg)

%0 sngle of attack of isolsted airfoill for zero 1lift, (deg)

g gbsolute stagger angle, angle between compressor axis and
absolute alr velocity, (deg)

B relative stagger angle, angle between compressor axis and air
velocity relative to rotor, (deg)

LBt relative turning angle in rotor, (deg)

o] ratio of inlet total pressure to standerd sea-level pressure

o ratio of inlet total temperature to standard sea-level tempersa-
ture

s blade-element solldity, ratic of chord length to distance
between adjacent blades

o blade-angle setting, (deg)

Subscript:

T tip

CMPRESSOR DESIGN

Mechanically, the subject compressor is ldentical to the compressor
reported in reference 2. The stage, consisting of 19 rotor blades and
20 stator blades with 40 inlet gulde vanes, had a hub~to~tip radius
ratio at the rotor inlet of 0.50 and a rotor-tip dlameter of 14 inches.
Aerodynamically, the design is similar to that of reference 2 (based on
constant total enthalpy and symmetrical velocity diagram at all radii).
The design differed from reference 2 only in the values for the ratio of
exial velocity at the rotor hub to tip speed and the limiting rotor rel-
ative Inlet Mach number at the hub. Both of these values were assumed
to be 0.7 for the design reported herein. Briefly the design procedure
was as follows:
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Axial velocity was assumed constant within a blade row at any -
given redius and a limiting value of o0Cy, - of 0.77 was used for the
rotor. From inlet Mach number and oCy, limitations at the hub, axial
and tangential velocity components were calculeted for an aessumed flow
parallel to the compressor axis through an untapered passage having a
gsymmetrical velocity diagram. The density ratlo over the stage was com-
puted for an assumed vortex-whirl addition in the rotor and an effi-
ciency of 0.89. Passage taper was determined from continulty and veloc-
ities were corrected assuming uniform streamline flow. Blade-angle
settings, however, were computed by using the velocities previously cal-
culated for flow parallel tov the axis. Simple radial equilibrium was
assumed at the rotor lnlet but was neglected between the rotor and
gtdtor blede rows. :

¢122

The blade-angle settings were calculated from the Kantrowitz and
Daum equation (reference 3):

28" = K(amay o)

with K = 0.9 as described in reference 2. These settings were modi- .
fied nesr the tlp for the low solidities encountered but to a lesser
extent than in reference 2 because of lower stagger angles. The cal-
culated blade setting et the tip was modifled by an arblirary reduction

% : ) . .
of a% and by fairing in the modification to & radius ratio of about 0.8.

A modified NACA 65-(12)10 profile with constant chord from hub to tip
was used for the bleding. The radial variation of blade-design data
such as engle settings &, solidity o, and entering air angle B8
are presented in figure 1.

APPARATUS AND PROCEDURE

The compressor installation and instrumentation are similar
schematically to those described in reference-2. In order to permit
higher speeds and welght f£flowe, however, a 1500-horsepower motor and a
new exhsust system were Incorporated. Also, the instrumentetion
technique was refined to permit measurements of the state of the air
downstream of the stationary blades in regions where there weré no
blade wakes. ) '

Flow measurements were taken approximately 0.2 chord length
upstresm of the rotor blades and 0.6 chord length downstreasm of the .
stator blades. Data were.taken at five radiel stetions a, b, ¢, 4, '
and e from tip to hub, which were located at the centers of flve equal
spaces acrosa the passage upstream of the rotor blades and downstresm -
of the stator blades. The investigation was conducted at constant
values of eguivalent rotor tip speed UfA/é- of 469, 704, 938, 1126,
and 1219 feet per second corrvesponding to 50-, 75-, 100~, 120-, and.
130-percent design speed, respectively. At each speed, a range of air
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flow was investigated from either the highest flow possible or that
Plow at which there was no pressure rise over the tip of the blade
to a low flow at which the blades stalled near the tip.

RESULTS AND DISCUSSION
Over-all Compressor Performance

The over-all performsnce cheracteristics of the compressor are
presented in figure 2 1n terms of adisbstic tempersture-rise efficiency
and total-pressure ratic as functions of welght flow corrected to sea~
level conditions. At the design tip speed, 938 feet per second, a pesk
pressure ratio of 1.22 was obtained at an efficiency of 0.87 and a
corrected welght flow of 24 pounds per second. A pesk efficiency of
0.88 was obtelned at a corrected weight flow of 24.5 pounds per second
with a total-pressure retioc of 1.21.

At 120-percent design speed (tip speed, 1126 ft/sec) the inlet
relative Mach number was epproximately 0.80 at the mean radius. A pesk
pressure ratlo of 1.28 was cobtained at an efficiency of 0.76 and an
equivalent weight flow of 27 pounds per second. At a pressure ratio

of 1.21, which corresponds to the peak efficlency polnt at design speed, a

welght flow of approximately 30 pounds per second (28 1b /sec/sq b il
frontal area) was obtailned at an efficiency of 0.78. This flow is
75,7 percent of the limiting flow at sonic axial veloclity foxr the
compressor unlt., The peek efficiency dropped sharply beyond this

t1p speed of 1126 feet per second and very little gain was obtained
in either pressure ratio or welght flow. AL 130-percent design speed
(tip speed, 1219 ft/sec) s peak efficlency, peak pressure ratlo, and
maximum welght flow were 0.70, 1.30, and 30,2 pounds per second,
resgpectively,

Stage-Element Performance Characterlstics

In order to compare stage-element performence charscteristics, a
particle of alr is aessumed to travel a path through the stage which
comects the five measuring statlions at the rotor Inlet Lo the five
similarly located measuring statlions at the stator outlet. Omne such
path 1s then, by definition, a stage element. Adlsbatlc temperature-
rise efficlencies, total~pressure ratlos, and angles of attack at the
five measuring stetlons are presented as functlions of corrected welght
Tlow for design speed and 120-percent design speed 1n figure 3,
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.At design speed (fig. 3(a)) the stage elements appear to be well
matched 1ln that the efficlencies all pesk at approximately the same
weight flow. Maximum efficiencles at the measuring stations near the
hub and the tip of the stage are lower because of wall boundary-layexr
and secondary flow effects. Near the tip where stagger angles are
50° to 60° and solidity is approximately 0.6, the range of angle of
attack for good efficiency is small and the efficiencies peak rapidly.
Near the hub where the range of stagger anglie is 30° to 40° and the
solidity is near 1.0, a greater range of angle of attack for good
efficlency is available and the efficlencles remein relatively constant
over the entire range of welght flow investigated.

At 120-percent design speed (fig. 3(b)) the stage elements are no
longer matched; the over-all efficlency is therefore lower. The higher
Mach number alsc causes & general decrease 1n angle-of-attack range for
good efficilency for all stage elements and accentuates the reduction in
range and low-efficiency operating conditions cbtained because of the
solidity end stagger angle combination near the blade tip. The stage-
element efficiencles aiso show that the low efficiencies near the tip
of the blade at 120-percent design speed are responsible for a large
part of the decrease in over-all stage efficlency.

The angles of attack for both speeds show a slightly grester
varlation near the tip with welght flow than near the hub. This varis-
tlion, together with the higher wheel speed at the tip. and e smell range
of optimum angle of attack becguse of the solidity and stagger sngle
conbination, causes a larger verlatlion in pressure ratio near the tip
then at the other stations. The grester change in angle of attack per
increment of weight flow near the tip also suggests that the work input
wlll chenge faster in that region. This trend is shown in figure 4,
which is a plot of temperature-rise energy addition against radius for
the range in weilght flows investigated at design speed. The design
criterion of constant totael enthalpy is epproached -only at the highest
welght flows. A detalled discussion of the reasons for the variations
in-enthalpy distribution is presented'in reference 2.

Effects of High Mach Number on Stage-Element Efficlency

As the compressor speed wes Increased, the resulting increase in
Mach number caused the matching of the stage elements to change and
the peak efficiencies to be reduced. Also, the most critical stage
element is near the tip of the-blades where stagger angles are high
and the solidity is low. The maximum adiasbatic temperature-rise
efficiencies and the respective angles of attack for the rotor blades
plotted against Mach number are presented in figure 5. The critical
Mech number for all the stage elements appears to be slightly less
than 0.8. However, because of the matching of the stage elements in

¢T2zZ
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this design, the criticel value for all stage elements does not: occur
et any one weight flow. It would probably be desireble, therefore, to
operate at a tip speed corresponding to a slightly lower Mach number
than the critical velue for any of the stage elements. In this design,
the element thet reached its critical value first was at the blade tip.

For a typicel eirfoll section, the angle of attack for maximm
lift-drag ratio or peak efficlency lies nesr the high angle of abtack
end of the low-drag renge. The low-drag range is appreciably reduced
as the Mach number 1s increased; 1t would therefore be expected that the
angle of attack for peak efficiency would decreese. In general, this is
the trend for the stage reported herein as shown in figure 5. The
reason for the indicated increase in angle of attack near the tip of the
blades, as shown in flgure 5 for the Masch numbers beyond the critical
value, 1s not obvious. However, this phenomenon is of little practical
importance because it occurs at Mach numbers beyond the critical Mach
number of the stage elements.

SUMMARY OF RESULLS

The results of an investigation of the over-all and stage-element
performance of a single-stage compressor designed for & ratic of inlet
axlal velocity at the rotor hub to tip speed of 0.7 are presented over
a range of rotor relative inlet Mach numbers fram 0.5 to 0.875.

1. At 120-percent design speed (tip speed, 1126 ft/sec) a peak
pressure ratio of 1.28 was reached at a corrected weight flow of
27 pounds per second at an efficlency of 0.76. At & welght flow of
30 pounds per second, a pressure ratlo of 1.2l was cbtalned at an
efficiency of 0.78. A flow of 30 pounds per second corresponds to
28 pounds per second per square foot frontal area.

2. The low solidity and high stagger angle combination near the
tip of the rotor blade gave & repldly peaking stage-element efflclency
and thus an over-all stage-efficiency curve with only a small range of
good efficiency at a glven speed. Near the hub the element efficiency
wes relatively constant over the range of welght flow investigated.

3, Temperature-rise energy additlion at a given speed Ilncreased
from hub to tip, the greatest rate of change occurring near the tip
for a glven increment of welight flow.

4., In the reglon of high stagger angles and low solidity near the
blade tip, an increase in Mach number decreased the optimmm range of
angle of attack to the extent that matching of blade elements over a
range of Mach numbers was very difficult to obtain for this stage
design with a constant-canmber blade.
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5. A Mach nunber of slightly less then 0.80 was the critical Mach
nunber for all the stage elements of-the deslgn investigated in that
the efficiencies decreased rapldly beyond this value.

Lewis Flight Propulsion Lgboratory
Natiocnal Advisory Committee for Aeronautics
Cleveland, Ohic :
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